Abstract: When overexpressed, a large transmembrane P-glycoprotein, the product of the ABCB1 gene, is a notable impediment to brain-targeted therapies (like antiepileptics) and chemotherapies. Some of the genetic biomarkers with evidence of multi-drug resistance in ABCB1 -rs1045642, rs1128503, and rs3213619 -were analyzed in 440 subjects, members of three socio-culturally different Roma (Gypsy) groups of Croatia. Minor allele frequencies (MAFs) of rs1045642 and rs1128503 were the highest in the Balkan Roma (63.6% and 69.4%, respectively) when compared to the Baranja (52.3% and 62.5%) and the Međimurje Roma (48.8% and 54.5%) (p=0.0005 and p=0.0011, respectively). rs3213619 was monomorphic in the Međimurje group, while its MAFs in other two Roma groups were very low (<1.9%). The distribution of five detected haplotypes (four in the Međimurje group) significantly differed between the Roma subpopulations (p<0.0001), just like the frequencies of diplotypes (p=0.0008). At a global scale, the positive relationship between genetic and geographic distances between the 21 investigated populations indicates isolation by spatial distance. However, this is not true for the relationship between Roma and other populations due to their population history. The analyzed ABCB1 loci indicate genetic distinctiveness of the Roma population.
INTRODUCTION
Studies of European genetic diversity continue to untangle how people settled and migrated through Europe and adapted to their environment. 1 Although most of the present-day European populations are wellstudied, some isolated populations, like the Roma (Romani, Gypsy), are not that well known yet. The Roma, a large transnational minority population numbering more than 15 million people worldwide, 10-12 million of whom live in Europe, originate from India. The first Roma left India sometime between the 5th and the 10th century and reached Asia Minor (present day Turkey) in the 11th century. A large part of the initial migrant population settled in SouthEastern Europe (the Balkans) where their descendants, the Balkan Roma, still live today, while some Roma continued their journey to Western and Northern Europe around 1400s. A part of the latter Roma crossed the Danube river and ended up in Wallachia (present day Romania), where they were enslaved and forced to work in mines until 1850, when slavery was abolished. After the abolition of slavery these Vlax Roma (also called Bayash Roma because they speak ljimba d`byash) migrated to Serbia, Hungary, Croatia and other countries. Both Balkan and Bayash Roma are examples of population isolates with persistent, centuries-long socio-cultural and reproductive isolation, 2, 3 which is reflected in their genetic structure. [4] [5] [6] [7] [8] The adenosine triphosphate (ATP)-binding cassette sub-family B member 1 gene (ABCB1), also known as multi-drug resistance protein 1 (MDRP1) gene, is one of many ubiquitous ATP-binding cassette (ABC) genes. ABC transporters are a superfamily of large membrane proteins which are able to transport a variety of compounds through membranes against steep concentration gradients at the cost of ATP hydrolysis. 9 Many ABC genes were originally discovered during the positional cloning of human genetic disease genes -14 ABC genes were found to be linked to Mendelian disorders, some of them with complex diseases as well. 10, 11 The ABCB1 gene, located on the minus strand of chromosome 7q21.12, is 209,691 bases long, consists of 29 exons and is highly polymorphic (with more than 100 polymorphic sites with minor allele frequency >5%), although the majority of its SNPs are either intronic or non-coding.
12 ABCB1 encodes human Pglycoprotein (P-gp) (1280 amino acids), a large transmembrane protein expressed in a polarized manner in the plasma membrane of cells in barrier and elimination organs, where it has protective and excretory functions. 13 In different organs P-gp has different functions: in the small intestine, colon, and bile-facing canaliculi of liver it eliminates orally administered drugs thus limiting their bioavailability, while from the kidney, and again through biliary excretion, it eliminates substrates. Furthermore, P-gp restricts the permeability of drugs from blood into the brain, cerebral spinal fluid, placenta and testes.
14 In immunological and other blood components, P-gp plays a role in viral resistance and in trafficking cytokines and enveloped viruses. 15, 16 Many studies have investigated the role of P-gp compounds in altering the pharmacokinetics of administered drugs, resulting in harmful as well as beneficial effects: some interactions affect drug safety and efficacy, 17 while others optimize drug delivery. Multi-drug resistance from intrinsic (drug-naive) and acquired (drug-induced) overexpression of P-gp is a strong barrier to brain-targeted drugs (like antiepileptics and neuroantiretrovirals) and chemotherapies (like in acute myeloid leukemia, sarcoma and other cancers). 12 On the Core Marker List of evidence-based drug metabolizing (ADME) genetic biomarkers, 18 there are four loci in the ABCB1 gene: rs3213619 (-129T>C), rs1128503 (1236T>C), rs2032582 (2677T>G/A) and rs1045642 (3435C>T). The three biallelic loci analyzed in this study will be presented in more detail. The rs3213619 (-129T>C) SNP located in exon 1b (promotor region) of P-gp, showed significant association with taxane-related sensory neuropathy after chemotherapy treatments of patients with early breast cancer. 19 The rs1128503 (1236T>C), a synonymous SNP, encodes for the TM6 region of P-gp, which is essential for substrate binding. This polymorphism is associated with tumor response to chemotherapy in cancer patients 20 and implicated in lovastatin and clopidogrel response modulation when treating hypercholesterolemia and reducing the risk of heart disease and stroke. 21 The rs1045642 (3435C>T) modifies the gene expression of P-gp without altering the sequence of the protein (wobble mutation), probably by altering mRNA stability 22 as well as the folding of the protein. The ABCB1 3435C>T polymorphism is associated with reduced bioavailability and increased risk of cardiovascular death for patients taking clopidogrel. 23 The latter two coding ABCB1 SNPs, in combination with 2677T>G/A not analyzed here, are in high linkage disequilibrium. 24 The aims of this study were: (1) to determine the allele, genotype and haplotype frequencies of three clinically relevant ABCB1 SNPs in three Roma groups living in Croatia, (2) to compare ABCB1 alleles of the Croatian Roma with the majority Croatian population, European and global populations, and (3) to evaluate the position of the Croatian Roma in the global genetic landscape.
MATERIAL AND METHODS
DNA samples of 440 adult individuals were collected during the on-going multidisciplinary anthropological, molecular-genetic and epidemiological investigation of Roma populations in Croatia. Study participants belonged to three socio-culturally different Roma groups: two groups of Vlax (Bayash) Roma, the Baranja group and the Međimurje group, and one Balkan Roma group. The Roma participated in the study voluntarily and were informed about the goals, methods and expectations of the study with the help of linguistically and culturally competent and trained Roma volunteers. The research protocol was approved by the Ethical Committee of the Institute for Anthropological Research in Zagreb, Croatia. The genotyping of three single nucleotide polymorphisms (SNPs) in the ABCB1 gene (rs1045642, rs1128503 and rs3213619) was carried out using the KASP method. 25 These three SNPs were chosen for the analysis since they are on the list of evidence-proved biomarkers associated with the metabolism of drugs (ADME Core Marker List). 18 Allele and genotype frequencies were calculated by the direct counting method. Hardy-Weinberg equilibrium (HWE) and exact test of population differentiation were performed using Arlequin 3.5.2.2. The genotype and allele frequency differences between Roma groups were tested using the Chi-square test. The analyses were performed using the SPSS Statistics 11.0 statistical package for Windows (SPSS Inc., Chicago, IL, USA), with statistical significance set at P<0.05. Haplotypes were inferred using Phase ver. 2.1 but could not be named according to ABCB1 star allele designations since they are not harmonized in the literature. 12 The genetic distance matrix between the Croatian Roma population and 20 populations with different genetic ancestry from the 1000 Genomes Project Phase 3 list was computed according to the method of Nei (1972) using Poptree2 software. Han is a majority population while Dai is here representing non-Han China populations). In addition to 1000 Genomes data, we enlarged the sample by including the genotyping data from publications citing any of the three investigated SNPs in the above mentioned 20 populations (described in detail in a paper by Škarić-Jurić et al 27 ). The selection criteria for the usage of data from these publications were: (1) a clearly stated study population and, where relevant, participants' ethnicity, (2) allele frequency and (3) the number of participants in the study. These additional data enlarged the size of seven 1000 Genomes populations: Italy, Spain, UK, India, Kenya, Japan and Han Chinese. Allele frequencies were calculated by weighting samples for each population. 
RESULTS
In comparison with the weighted averages of the 1000 Genomes global 20 populations, the MAFs of rs1045642, rs1128503 and rs3213619 in the Roma significantly differed (Table 1 ). The MAF of rs3213619 was significantly lower in the Croatian Roma than in the 1000 Genomes populations` average (p=0.0004), while the MAFs of rs1045642 and rs1128503 were higher in the Roma than in the 1000 Genomes global populations (both p<0.0001). When compared to the 1000 Genomes European subset, MAF of rs3213619 was again significantly lower (p=0.0056), while rs1128503 MAF was significantly higher (p<0.0001) in the Roma. The rs1045642 MAF did not differ between the Croatian Roma and the 1000 Genomes European populations. In comparison with the surrounding majority Croatian population, 29 the MAF of rs1045642 in the Roma was similar to that in Croats (55.9% vs. 55.1%, p=ns), while MAF of rs1128503 was significantly more frequent in the Roma sample than in Croats (62.9% vs. 46.0%, p=0.0015). The rs3213619 was not investigated in that Croatian study. The results of genotyping of three investigated SNP loci in the DNA samples of the three Croatian Roma groups are given in Table 2 . Loci rs1128503 and rs1045642 in the Međimurje and in the Balkan Roma were in Hardy-Weinberg equilibrium, as opposed to the Baranja Roma. An exact test of population differentiation showed that the three Roma subpopulations were differentiated when analyzing loci rs1045642 and rs1128503 (p=0.00000±0.00000, 30000 Markov steps done). Locus rs3213619 was not included in the HWE calculations since its MAF was <0.05 in all three Roma subpopulations. ABCB1 SNPs rs1045642 genotype and allele frequencies significantly differed between the Baranja and the Balkan Roma, and between the Međimurje and the Balkan Roma. Locus rs1128503 genotype and allele frequencies significantly differed only between the Međimurje and the Balkan Roma. Both of these ABCB1 polymorphic loci showed significant differences between all three Roma subpopulations in genotype as well as in allele frequencies distribution, with A alleles in both SNPs being the most frequent in Table 1 . Single nucleotide polymorphisms (SNPs) of the ABCB1 gene analyzed in this study. Loci are sorted according to the ascending chromosome position on the forward strand, but the gene is negative stranded. Only successfully genotyped SNPs were counted in column N. The allele defined as minor in the Croatian Roma refers to the global minor allele in 1000 Genomes' database. The statistically significant differences between the Croatian Roma and other populations were determined using difference in proportions test. the Balkan Roma (Table 2) . SNP genotyping enabled the defining of five distinct haplotypes for the loci ordered according to the ascending chromosome position on the forward strand: rs1045642, rs1128503, and rs3213619 (Table 3 ). All five haplotypes were present in the Baranja and in the Balkan Roma, although with different frequencies, while in the Međimurje Roma only four haplotypes Table 4 . Diplotype combinations detected in the Croatian Roma. The differences in diplotype frequencies between subpopulations were tested using the Chi-square test but only for diplotypes with the number of subjects per cell ≥5 (diplotypes 1,2,4,7 and 9 were detected. The haplotype AAA was the most frequent, and haplotype AGA was the least frequent in all three populations. Haplotype GGG, which was the second least frequent in the Baranja and in the Balkan Roma, was not detected in the Roma from Međimurje. The ABCB1 haplotype frequencies significantly differed between the Baranja and the Međimurje Roma (p=0.0060) and between the Međimurje and the Balkan Roma (p<0.0001). Chi-square test results also showed significant differences in haplotype frequencies between all the three Roma subpopulations (χ2 = 34.298; df = 8; p < 0.0001). ABCB1 gene diplotype combinations in the Croatian Roma are presented in Table 4 . A total of ten diplotype combinations were detected in the Baranja and in the Balkan Roma, while eight diplotypes were detected in the Međimurje Roma. The diplotype GGA/AAA, which was the most frequent in the Baranja (45.45%) and in the Međimurje Roma (48.86%), was the second most frequent in the Balkan Roma (33.33%). On the other hand, the diplotype AAA/AAA, which was the most frequent in the Balkan Roma (37.29%), was the second most frequent in the Baranja and in the Međimurje sample (22.73% and 20.61%, respectively). The significant differences in diplotype frequencies between subpopulations were confirmed using the Chisquare test between the Balkan and the Međimurje Roma (p=0.0002) and between all three investigated Croatian Roma populations (p=0.0008). Only diplotypes with number of subjects per cell ≥5 were included in testing (diplotypes 1, 2, 4, 7, and 9). The degree of similarity in the genetic structure between the Croatian Roma and other investigated 1000 Genomes populations was evaluated from Nei`s genetic distances corrected for sample size, which ranged from 0.015 (between the Croatian Roma and Bangladesh populations) to 0.308 (between Bangladesh and Sierra Leone populations) ( Table 5) The relationship between genetic variation and geographic distance of twenty-one investigated populations was analyzed using the correlation between genetic and geographic distances` matrices. The correlation was positive and significant (Pearson's r=0.391, p=0.001 after 1,000 permutations) indicating isolation by spatial distance at the global scale. Still, pairwise comparisons of genetic and geographical distances between the Croatian Roma and twenty 1000 Genomes populations showed no correlation (Pearson's r= -0.058, p=0.505) (Figure 2) , not even in case when the genetically most distant African populations were excluded from the correlation analysis (Pearson's r= -0.032, p=0.477).
DISCUSSION
The genetic distinctiveness of the Roma population when considering pharmacogenes has been detected in various individual genes; in some of the CYP genes, [30] [31] [32] in SLCO1B1, 33 VKORC1, 34 PON1 and P2RY12 35 genes. In addition, it was recently confirmed in a comprehensive analysis of a set of 95 pharmacogenomically relevant polymorphic markers (from 31 core ADME genes) of drug response and adverse drug reactions in the Roma and twenty other, ethnically different populations from the 1000 Genomes database. 27 The comparison of ABCB1 genotypes and alleles of three polymorphic loci between the three Croatian Roma groups showed that the Vlax Roma (from Baranja and Međimurje) significantly differ from the non-Vlax, Balkan Roma. Furthermore, the Roma from Međimurje, in comparison with the other two Roma groups, had the lowest genetic diversity. Due to the absence of the G minor allele in rs3213619, the Roma from Međimurje also do not have one ABCB1 haplotype (GGG) and two ABCB1 diplotypes (GAA/GGG and AAA/GGG) which were found in the other two Croatian Roma groups. These results go in line with the mitochondrial DNA analysis results, which revealed that the distribution of haplogroups in the Međimurje Roma was less diverse than in the Baranja Roma. The diversity indexes also pointed to a lower level of variation among the Vlax Roma settled in Međimurje than in Baranja. 36 The Roma's significant difference in allele frequencies from the surrounding, majority Croatian population, also confirms their genetic specificity which is most probably the consequence of their practice of endogamy. It is particularly true for rs1128503 and rs3213619 loci. On the other hand, high MAF of the rs1045642 locus only characterizes the Balkan Roma group, while the MAFs of both Croatian Bayash groups compare well with MAFs in other global populations, including the European 1000 Genomes subset, and the Croatian population. The ABCB1 functional haplotypes consist of at least three coding loci from the ADME Core list. [37] [38] [39] [40] Unfortunately, since the triallelic rs2032582 (2677T>G/A) could not be genotyped using the KASP method, the haplotype frequencies or the functional implications of the ABCB1 haplotypes could not be compared to literature data on other populations. Genetic distances of the three investigated ABCB1 variants between the Croatian Roma and other twenty populations with different ethnic origin positioned Roma equally close to the South Asian population (SAS) and to the European populations (EUR), despite being geographically several times further to SASs (5000-7500 km) than to EURs (500-1500 km), while the African region populations were the furthest. The genetic closeness with the South Asian populations was also found in several previous studies of various genetic markers including 95 ADME loci, 27 mitochondrial DNA and Y chromosome markers 41, 42 and the genome-wide data, 43, 44 proving the Indian ancestry of the Roma. The clustering of the ABCB1 polymorphisms investigated here differs from the results of the comprehensive study of 95 ADME loci 27 mentioned earlier, in close relation of the former to East Asian and American regions populations, although spatially even further than the SAS populations. Considering that the 95 ADME loci analysis 27 included many pharmacogene biomarkers and was conducted on a much larger sample, its results are more trustworthy in gaining the complete picture on the position of the Roma within the global ADME genetic landscape. Still, the ABCB1 differences between the Vlax and non-Vlax Roma subpopulations obtained in this study clearly show that the subdivision of the Roma population is an important factor in pharmacogenetic analyses. Due to the Roma endogamy and isolation, the ADME gene-per-gene and locus-per-locus genetic specificities should be expected in this population and taken into account in pharmacological practice.
CONCLUSION
We confirmed the initial hypothesis that due to the genetic distinctiveness of the Roma population caused by their specific origin and centuries-long reproductive isolation, the prevalence of alleles in polymorphic loci ABCB1 pharmacogene differs in comparison with other populations, which is clinically relevant.
